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SHELL-MODEL CALCULATIONSWITH BONN POTENTIAL�A. Covello, L. Coraggio, A. Gargano, and N. Ita
oDipartimento di S
ienze Fisi
he, Università di Napoli Federi
o IIand Istituto Nazionale di Fisi
a Nu
leareComplesso Universitario di Monte S. AngeloVia Cintia, 80126 Napoli, Italy(Re
eived January 13, 1999)We present the results of a shell-model study of nu
lei having or la
kingfew identi
al nu
leons with respe
t to doubly magi
 208Pb. Our 
al
ulationshave been performed by making use of realisti
 e�e
tive intera
tions derivedfrom the Bonn A nu
leon�nu
leon potential. The results are in very goodagreement with experimental data showing the ability of these e�e
tiveintera
tions to des
ribe with quantitative a

ura
y the properties of heavy-mass nu
lei around 
losed shells.PACS numbers: 21.60.Cs, 21.30.Fe, 27.80.+w1. Introdu
tionThe Pb region has long 
ome in fo
us for shell-model studies of nu
learstru
ture. This is of 
ourse related to the fa
t that 208Pb is a good doubly
losed shell nu
leus whose neighbors are a

essible to detailed spe
tros
opi
studies. From the theoreti
al point of view the study of nu
lei with fewvalen
e parti
les or holes o�ers the best opportunity to test dire
tly thematrix elements of the two-body residual intera
tion. In most of the 
al
u-lations performed so far in the lead region empiri
al intera
tions 
ontainingadjustable parameters have been used [1�4℄. Notable ex
eptions are thestudies of Refs. [5, 6℄, where a realisti
 e�e
tive intera
tion derived fromthe Hamada�Johnston nu
leon�nu
leon (NN) potential [7℄ was employed.These 
al
ulations, however, date ba
k to some twenty-�ve years ago andduring this time there has been substantial progress towards a mi
ros
opi
approa
h to shell-model 
al
ulations starting from a free NN potential. On� Presented at the XXXIII Zakopane S
hool of Physi
s, Zakopane, Poland, September1�9, 1998. (715)



716 A. Covello et al.the one hand, new high-quality NN potentials have been 
onstru
ted, onthe other hand the many-body methods for deriving a model-spa
e e�e
tiveintera
tion Ve� from a given NN potential have been largely improved. Themajor developments in the �eld of NN potentials are reviewed in Refs. [8℄and [9℄ while the main aspe
ts of the derivation of Ve� are dis
ussed inRefs. [10℄ and [11℄.These improvements have set the stage for a new generation of real-isti
 shell-model 
al
ulations. Until now, however, attention has been fo-
used on medium-mass nu
lei, su
h as the Sn isotopes and the N = 82isotones [12�17℄. In all of our own studies [12�14℄ we performed shell-model
al
ulations using realisti
 e�e
tive intera
tions derived from the meson-theoreti
 Bonn A potential [18℄.Motivated by the very good agreement between theory and experimenta
hieved in these works, we have re
ently started a similar study on heavy-mass nu
lei in the Pb region [19℄. In this paper, we present some resultsof our 
al
ulations for the 206;205;204Pb isotopes and the N = 126 isotones210Po, 211At, and 212Rn. These nu
lei with two to four identi
al holes (parti-
les) around the 208Pb 
ore o�er the opportunity to put to a test our realisti
e�e
tive intera
tion in the A = 208 region.The paper is organized as follows. In Se
. 2 we give a brief des
riptionof our 
al
ulations. In Se
. 3 we present our results and 
ompare them withthe experimental data. Some 
on
luding remarks are given in Se
. 4.2. Cal
ulationsOur e�e
tive intera
tions were derived from the Bonn A potential usinga G-matrix folded-diagram formalism, in
luding renormalizations from both
ore polarization and folded diagrams. For both the lead isotopes and theN = 126 isotones we have 
onsidered 208Pb as an inert 
ore. Therefore wehave treated neutrons in the former nu
lei as valen
e holes, whi
h impliesthe derivation of a hole-hole e�e
tive intera
tion. We have 
hosen the Pauliex
lusion operator Q2 in the G-matrix equation,G(!) = V + V Q2 1! �Q2TQ2Q2G(!) ; (1)as spe
i�ed [11℄ by (n1; n2; n3) = (22,45,78) for the neutron orbits and(n1; n2; n3) = (16,36,78) for the proton orbits. It should be mentioned thatin [19℄ we made the 
hoi
e (n1; n2; n3) = (22,36,66) for the neutron orbitsand (n1; n2; n3) = (16,28,66) for the proton orbits, whi
h is 
onsistent withthat made in earlier works [10,12,13℄ on light- and medium-mass nu
lei. Forthe lead region, however, the smaller value of ~! makes the present 
hoi
e



Shell-Model Cal
ulations with Bonn Potential 717more appropriate. Here V represents the NN potential, T denotes the two-nu
leon kineti
 energy, and ! is the so-
alled starting energy. We employ amatrix inversion method to 
al
ulate the above G matrix in an essentiallyexa
t way [20℄. The e�e
tive intera
tion, whi
h is energy independent, 
anbe s
hemati
ally written in operator form asVe� = Q̂� Q̂0 Z Q̂+ Q̂0 Z Q̂Z Q̂� Q̂0 Z Q̂Z Q̂Z Q̂ � � � ; (2)where Q̂ and Q̂0 represent the Q̂-box, 
omposed of irredu
ible valen
e-linkeddiagrams, and the integral sign represents a generalized folding operation.We take the Q̂-box to be 
omposed of G-matrix diagrams through se
ond-order in G; they are just the seven �rst- and se
ond-order diagrams 
onsid-ered by Shurpin et al. [21℄. In the 
al
ulation of Ve� we use an isospin un-
oupled representation, where protons and neutrons are treated separately.For the shell-model os
illator parameter ~! we use the value 6.88 MeV, asobtained from the expression ~! = 45A� 13 � 25A� 23 for A = 208.As regards the single-hole and -parti
le energies, we have taken themfrom the experimental spe
tra [22℄ of 207Pb and 209Bi, respe
tively. Thus,for the Pb isotopes the adopted single-hole spe
trum (in MeV) is: "p1=2 = 0:0,"f5=2 = 0:570, "p3=2 = 0:898, "i13=2 = 1:633, "f7=2 = 2:340, and "h9=2 = 3:414,while for theN = 126 isotones we have used the following values: "h9=2 = 0:0,"f7=2 = 0:896, "i13=2 = 1:609, "f5=2 = 2:826, "p3=2 = 3:119, and "p1=2 = 3:633.3. Results and 
omparison with experimentWe present here the results of our 
al
ulations for the Pb isotopes and theN = 126 isotones fo
using attention on the lowest-lying states. The 
al
u-lations have been performed using the OXBASH shell-model 
ode [23℄. The
al
ulated ex
itation energies are displayed and 
ompared with the observedones in Tables I to VI.For the Pb isotopes, more results and a detailed 
omparison betweentheory and experiment 
an be found in our re
ent paper [19℄. We shouldpoint out, however, that the present results are in a substantially betteragreement with experiment than those obtained in [19℄. In fa
t, in thatwork we found that most of the ex
ited states in the low-energy spe
tra of206Pb and 204Pb lay about 200 keV below the experimental ones. Here, fromTables I�III we see that the largest dis
repan
ies are 147 and 114 keV forthe 0+2 state in 206Pb and the 2+2 state in 204Pb, respe
tively. The reasonfor this improvements 
an be tra
ed to the better treatment of the Pauliex
lusion operator Q2 mentioned in Se
. 2.



718 A. Covello et al. TABLE IExperimental and 
al
ulated ex
itation energies for 206Pb. The experimental dataare from [22℄. J� E (MeV)Exp. Cal
.0+ 0.000 0.0002+ 0.803 0.8420+ 1.166 1.0193+ 1.340 1.2072+ 1.467 1.3214+ 1.684 1.6371+ 1.703 1.6672+ 1.784 1.673 TABLE IIExperimental and 
al
ulated ex
itation energies for 205Pb. The experimental dataare from [22℄. J� E (MeV)Exp. Cal
.5=2� 0.000 0.0181=2� 0.002 0.0003=2� 0.263 0.3153=2� 0.576 0.7277=2� 0.703 0.8225=2� 0.761 0.794 TABLE IIIExperimental and 
al
ulated ex
itation energies for 204Pb. The experimental dataare from [22℄. J� E (MeV)Exp. Cal
.0+ 0.000 0.0002+ 0.899 1.0044+ 1.274 1.2452+ 1.351 1.2374+ 1.563 1.5540+ 1.582 1.4932+ 1.583 1.4963+ 1.605 1.562



Shell-Model Cal
ulations with Bonn Potential 719As regards the N = 126 isotones, the states reported in Tables IV�VI allarise from the 
on�guration hn9=2 ex
ept the (7=2)1 state in 211At, whi
h isdominated by the h29=2f7=2 
on�guration. It should be mentioned, however,that our wave fun
tions are not very pure. The 
ontribution 
oming fromTABLE IVExperimental and 
al
ulated ex
itation energies for 210Po. The experimental dataare from [22℄. J� E (MeV)Exp. Cal
.0+ 0.000 0.0002+ 1.181 1.1304+ 1.427 1.3956+ 1.473 1.4938+ 1.557 1.555 TABLE VExperimental and 
al
ulated ex
itation energies for 211At. The experimental dataare from [22℄. J� E (MeV)Exp. Cal
.9=2� 0.000 0.0007=2� 0.674 0.6797=2� 0.866 0.7835=2� 0.947 0.95513=2� 1.067 1.0533=2� 1.116 1.10311=2� 1.123 1.098 TABLE VIExperimental and 
al
ulated ex
itation energies for 212Rn. The experimental dataare from [22℄. J� E (MeV)Exp. Cal
.0+ 0.000 0.0002+ 1.274 1.2214+ 1.502 1.5066+ 1.640 1.6198+ 1.694 1.677



720 A. Covello et al.other 
on�gurations is parti
ularly signi�
ant for the ground states (fromabout 20 to 50 % passing from 210Po to 212Rn) as well as for the (7=2)1 statein 211At and all the ex
ited states in 212Rn. The agreement between theoryand experiment for the N = 126 isotones is even better than that obtainedfor the Pb isotopes. All the 
al
ulated ex
itation energies di�er from theexperimental values by less than a few tens of keV, the largest dis
repan
ybeing about 80 keV for the (7=2)2 state in 211At. For this nu
leus, we 
on�rmthe tentative spin-parity assignments made in Ref. [22℄ for the �rst �veex
ited states, and predi
t J� = 11=2� for the observed (11=2�; 13=2�) level at1.123 MeV. 4. Con
luding remarksWe have presented here some results of a shell-model study of nu
leihaving or la
king few nu
leons with respe
t to doubly magi
 208Pb. Theyhave been obtained by employing two-parti
le and two-hole e�e
tive inter-a
tions derived from the Bonn A NN potential. We have shown that thelow-energy spe
tra of all the six nu
lei 
onsidered are very well reprodu
edby the theory. It should be emphasized that these are the �rst shell-model
al
ulations in the lead region where the e�e
tive intera
tion is derived froma modern NN potential by means of a G-matrix folded-diagram method.A more 
omplete and detailed presentation of the results of our study ofnu
lei around 208Pb will be made in a forth
oming paper. Here, we 
on
ludethat the su

ess a
hieved by the present 
al
ulations are quite in line with the�ndings of our earlier works [12�14, 19℄ indi
ating that the Bonn potential isquite suitable for use in shell-model studies of nu
lear stru
ture properties.The results presented in this paper are part of a resear
h proje
t 
arriedout in 
ollaboration with T.T.S. Kuo. This work was supported in part bythe Italian Ministero dell'Università e della Ri
er
a S
ienti�
a e Te
nologi
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